c Apical membrane antigen 1 (AMA1) is a leading malarial vaccine candidate; however, its polymorphic nature may limit its success in the field. This study aimed to circumvent AMA1 diversity by dampening the antibody response to the highly polymorphic loop Id, previously identified as a major target of strain-specific, invasion-inhibitory antibodies. To achieve this, five polymorphic residues within this loop were mutated to alanine, glycine, or serine in AMA1 of the 3D7 and FVO Plasmodium falciparum strains. Initially, the corresponding antigens were displayed on the surface of bacteriophage, where the alanine and serine but not glycine mutants folded correctly. The alanine and serine AMA1 mutants were expressed in Escherichia coli, refolded in vitro, and used to immunize rabbits. Serological analyses indicated that immunization with a single mutated form of 3D7 AMA1 was sufficient to increase the cross-reactive antibody response. Targeting the corresponding residues in an FVO backbone did not achieve this outcome. The inclusion of at least one engineered form of AMA1 in a biallelic formulation resulted in an antibody response with broader reactivity against different AMA1 alleles than combining the wild-type forms of 3D7 and FVO AMA1 alleles. For one combination, this extended to an enhanced relative growth inhibition of a heterologous parasite line, although this was at the cost of reduced overall inhibitory activity. These results suggest that targeted mutagenesis of AMA1 is a promising strategy for overcoming antigenic diversity in AMA1 and reducing the number of variants required to induce an antibody response that protects against a broad range of Plasmodium falciparum AMA1 genotypes. However, optimization of the immunization regime and mutation strategy will be required for this potential to be realized.
T
he apicomplexan parasite Plasmodium falciparum, the causative agent of the most severe form of human malaria, is responsible for Ͼ0.5 million deaths annually. There are currently no licensed vaccines for malaria; however, the development of clinical immunity in naturally exposed individuals suggests that a vaccine that reduces the morbidity and mortality associated with malaria is likely to be achievable (1) . RTS,S/ASO1, a vaccine targeting the preerythrocytic stages of P. falciparum, is showing partial efficacy in a large multicenter phase III trial in Africa (2), but ultimately, an improved vaccine with higher efficacy and longer duration of protection will be required (3) . This may be achieved through new vaccine approaches or by incorporating one or more asexual blood-stage antigens into a vaccine containing RTS,S.
Of the asexual blood-stage antigens assessed as potential vaccine components, apical membrane antigen 1 (AMA1) has been considered particularly promising, and a large body of preclinical data supported the decision by several groups to take AMA1 vaccines into clinical development (recently reviewed in reference 4). Additionally, AMA1 is an important target of acquired immunity; antibodies to AMA1 have been associated with protection from malaria in different populations and settings (5, 6) , and human antibodies to AMA1 can inhibit blood-stage replication of P. falciparum (7) . AMA1 is one of very few candidate malaria vaccines that has shown efficacy in phase II clinical trials (1) . One of two AMA1 vaccines to reach phase II testing in the field showed significant efficacy, but this was restricted to protection against parasites with vaccine-like alleles of AMA1, indicating that the protective effect was allele specific (8) . As molecular epidemiological studies showed that many of the polymorphic sites in AMA1 were under balancing selection, presumably by protective antibody responses (9) (10) (11) (12) , it is not surprising that a vaccine containing a single allelic form of AMA1 failed to generate protection against the majority of P. falciparum AMA1 genotypes. This has highlighted the problem that polymorphisms in AMA1 and other asexual blood-stage antigens may limit the effectiveness of these antigens as vaccine components.
Based on disulfide bond connectivity (13) and the three-dimensional crystal structure (14) , AMA1 has been divided into three domains. Domain I harbors the majority of the polymorphic sites, and these sites can be grouped into three clusters according to their spatial distribution: C1, C2, and C3 (14) (15) (16) . The C1 cluster was shown to be largely responsible for allowing the FVO strain of P. falciparum to escape inhibition by rabbit anti-3D7 AMA1 antibodies in vitro (15) . Within this cluster, residues located in the highly polymorphic loop Id made the largest contribution to escape. This group of polymorphisms, termed C1-L, forms a large part of the epitope recognized by the strain-specific, inhibitory monoclonal antibody (MAb) 1F9 and is a target of naturally acquired antibodies to AMA1 (17, 18) . Human antibodies to this epitope are acquired with increasing exposure to malaria and are associated with both protective immunity and growth-inhibitory activity in vitro (18) . Compelling evidence of the importance of this polymorphic cluster has come from an analysis of the breakthrough parasites in the phase II trial of a 3D7 AMA1 vaccine in Mali; there was no significant efficacy against all malarial episodes, but efficacy was 64% for malaria episodes caused by parasites identical to vaccine-strain AMA1 at polymorphic sites within C1-L (residues 196, 197, 199, 200, 201, 204, 206 , and 207) (8, 19) . If the development of AMA1 as a component of a malaria vaccine is to continue, strategies to circumvent the problem posed by polymorphisms must be a priority.
Although sequence diversity within AMA1 is large, genetic analyses suggest that variants can be grouped into as few as six different populations, and it is possible that development of a vaccine containing representative alleles from each population or broadly covering the diversity in AMA1 may be an effective approach to cover the majority of parasite genotypes (16, (20) (21) (22) (23) (24) . However, AMA1 haplotype groups are only weakly predictive of the cross-reactivity or cross-inhibitory activity of antibodies (21); this highlights the need for further studies to understand key polymorphic epitopes and strategies to overcome diversity in AMA1. Immunization of animals with combinations of multiple AMA1 alleles has been shown by several groups to induce an antibody response more directed toward conserved epitopes (23, (25) (26) (27) (28) . If these antibodies are equally protective as allele-specific responses, as some data suggest, a combination of a relatively small number of alleles may be sufficient. However, it should be noted that immunization with a combination of two forms of Plasmodium chabaudi AMA1 did not protect mice from challenge with P. chabaudi expressing a third allelic form of AMA1 (29) . Also, no efficacy was observed in a phase II trial using a combination of 3D7 and FVO allelic forms of AMA1 (30) . However, the lack of protection in this trial has been attributed to insufficient immunogenicity rather than an inability to control heterologous infections (31) .
An alternative, or complementary, strategy to multiallele vaccine approaches involves the generation of mutated forms of AMA1 with the aim of dampening the antibody response to dominant strain-specific epitopes and with the expectation that there will be an enhanced response to cross-reactive epitopes. Others have used this strategy with little success (32) , but here we have explored this approach using a smaller subset of polymorphic residues in both FVO and 3D7 AMA1, which differ in the extent to which they induce a strain-specific antibody response. Furthermore, we replaced each target site with alanine, glycine, and serine, all of which are likely to reduce immunogenicity, and used phage display to rapidly assess the integrity of important conformational epitopes. We report that replacement of 5 residues (residues 196, 197, 200, 201, and 204) within 3D7 C1-L with serine can generate a more cross-reactive antibody response and increase relative growth inhibition of a heterologous parasite line.
MATERIALS AND METHODS
Monoclonal antibodies. This study utilized the reduction-sensitive, growth-inhibitory MAbs 1F9 (17, 33) and 4G2 (34) and the reductioninsensitive, noninhibitory MAb 5G8 (33) . Generation of MAbs 1F9 and 5G8 was performed as previously described (33) . MAb 4G2 was a kind gift from Clemens Kocken, Biomedical Primate Research Centre, Rijswijk, The Netherlands.
Mutagenesis of AMA1. Five residues in loop Id (residues 196, 197, 200, 201 , and 206) of AMA1 were mutated to alanine, glycine, or serine essentially as described previously (35) . Briefly, codon-optimized 3D7 and FVO AMA1 genes were inserted into the phage display vector pHENH6, and single-stranded, uracilated DNA was produced. Oligonucleotides (GeneWorks) incorporating the desired substitutions were annealed to this single-stranded DNA and used to prime the synthesis of covalently closed, double-stranded DNA. Following transformation of Escherichia coli TG1 cells, colonies harboring AMA1 mutants were identified by DNA sequencing (Australian Genome Research Facility).
Phage display. Phage displaying AMA1 (residues 25 to 546) with a C-terminal Myc tag were prepared essentially as described previously (36) . Briefly, TG1 cells harboring the pHENH6 vector with the desired ama1 gene inserted were cultured to turbidity. Following the addition of M13K07 helper phage (GE Healthcare), the starter culture was transferred into 200 ml of medium and incubated at 37°C for approximately 16 h. Phage were then precipitated with a polyethylene glycol-NaCl solution (30% [wt/vol] polyethylene glycol 8000 [Sigma], 2.6 M NaCl) and harvested by centrifugation. The phage pellet was then resuspended in phosphate-buffered saline (PBS).
Phage enzyme-linked immunosorbent assay (ELISA). MAbs were diluted to 2 g/ml in coating buffer (15 mM Na 2 CO 3 , 34 mM NaHCO 3 [pH 9.6]) and immobilized on a 96-well microtiter plate (Maxisorp; Nunc). Plates were washed with PBS to remove unbound protein and blocked with 10% skim milk powder in PBS. Phage displaying AMA1 (residues 25 to 546) were diluted in PBS-0.05% Tween 20 (PBST; Sigma) and applied to the wells in duplicate. After 1 h of incubation, unbound phage were removed by washing with PBST, and bound phage were detected with peroxidase-conjugated anti-M13 antibodies (1:5,000 dilution; GE Healthcare). Binding was visualized by using 3,3=,5,5=-tetramethylbenzidine (Sigma), and the absorbance was read at 450 nm.
Recombinant protein expression and purification. AMA1 was expressed and purified essentially as described previously (7). Briefly, the codon-optimized genes encoding wild-type (wt) and mutant forms of 3D7 and FVO AMA1 (residues 25 to 546) were inserted into the expression vector pQE9 (Qiagen) and introduced into E. coli SG13009 cells. AMA1 expression was induced with isopropyl-␤-D-thiogalactopyranoside (IPTG), and after 3 h, cells were harvested by centrifugation. Pellets were solubilized in guanidine buffer. An N-terminal 6ϫHis tag facilitated capture of AMA1 by Ni-nitrilotriacetic acid-coupled agarose (Qiagen). Eluted AMA1 was refolded in vitro and further purified by anion-exchange and size exclusion chromatography.
Preparation of rabbit antisera. New Zealand White rabbits were immunized intramuscularly with 500 l of AMA1 formulated in Montanide ISA-720 (3 parts antigen in PBS to 7 parts adjuvant [vol/vol] ; Seppic) to a final concentration of 100 to 200 g/ml. Rabbits were immunized on days 0, 28, and 70, and sera were collected on days 42 and 84 (bleeds 1 and 2, respectively) and on either day 98 or 140 (kill-bleed). Three rabbits per group were immunized with individual forms of AMA1, and four to six rabbits per group were immunized with combined forms of AMA1.
IgG was purified from whole sera by using protein G-Sepharose (GE Healthcare). A total of 4 ml of sera diluted 1 in 5 in binding buffer (20 mM phosphate, pH 7) was passed twice over 3 ml of resin. The beads were washed with 5 column volumes of binding buffer, and bound IgG was eluted at low pH (0.1 M glycine, pH 2.7). The pH was immediately neutralized with phosphate buffer. The sample was buffer exchanged into PBS by using either dialysis or Amicon Ultra-15 centrifugal filter units (30 molecular weight cutoff [MWCO]; Millipore) and was concentrated by using Amicon Ultra-15 centrifugal filter units. IgG was then sterile filtered and stored at 4°C until use.
Antibody ELISA. AMA1 was diluted to 2 g/ml in PBS and immobilized on a 96-well microtiter plate (Maxisorp; Nunc). Coating was allowed to occur overnight at 4°C. Unbound protein was removed by washing with PBST. Sera or MAbs were diluted to the appropriate concentration in 5% skim milk powder in PBS and applied to the wells in duplicate. Following 1.5 h of incubation, unbound antibodies were removed by washing with PBST. The appropriate peroxidase-conjugated secondary antibody (anti-rabbit [1:1,000; GE Healthcare], anti-mouse [1:1,000; Jackson Im-munoResearch], or anti-rat [1:2,500; Jackson ImmunoResearch]) was diluted in 5% skim milk powder in PBS and added to the wells. Following 1 h of incubation, excess secondary conjugate was removed by washing. Binding was visualized by the addition of 150 l/well of ABTS [2,2=-azinobis(3-ethylbenzthiazoline-6-sulfonic acid)] substrate (0.98 mM ABTS, 0.98 mM citric acid, and 0.003% H 2 O 2 ). After 45 min, the absorbance was read at 414 nm.
Competition ELISA. Competition ELISAs were carried out to more sensitively assess the fine specificity of the antibody response. Rabbit sera were initially titrated on AMA1, as detailed above, and the serum dilution resulting in an optical density (OD) of 3.5 to 3.8 (i.e., the upper section of the linear part of the curve) was determined. Sera were then prepared at 2-fold the desired dilution and mixed 1:1 with increasing concentrations of the appropriate forms of AMA1 (competitor antigens). The typical final concentration range of the competing antigen was 0.316 to 31.6 g/ml. This mixture was incubated for 1 h before being applied to wells coated with AMA1 (2 g/ml). Binding of sera to immobilized AMA1 was then detected as indicated above. Data were displayed as a percentage of maximal binding, with maximal binding being indicated by the no-inhibitor control wells. To enable quantitative comparison of the competition curves, GraphPad Prism software was used to plot a 3-parameter sigmoidal curve through the data, and the predicted minimal value was determined (26) . This "residual binding" reflects the proportion of antibodies captured by the immobilized target protein that do not react with a given competitor antigen.
Parasite growth inhibition assays. P. falciparum growth inhibition assays (GIAs) were performed as previously described (21, 37) . Briefly, synchronized early-trophozoite-stage parasites were adjusted to 0.1% parasitemia and 2% hematocrit. Five microliters of stock antibody or peptide was added to 45 l of infected red blood cells and mixed to generate a final culture volume of 50 l. Parasites were allowed to develop through two cycles of erythrocyte invasion for 72 h at 37°C. Early-trophozoite-stage parasites formed after the second round of invasion were fixed for 1 h at room temperature by the addition of glutaraldehyde (ProSciTech) to a final concentration of 0.25% (vol/vol). After fixation, parasites were washed in human tonicity PBS (HTPBS) and stained with 10ϫ SYBR green dye (Invitrogen), and 5 ϫ 10 5 red blood cells were counted per well by using a BD FACSCantoII flow cytometer. Fluorescence-activated cell sorter (FACS) counts were analyzed by using FlowJo (version 6.4.7) software (Treestar). Percent growth inhibition was calculated as [1 Ϫ (parasitemia in test well/mean parasitemia in preimmunization rabbit controls wells)] ϫ 100. All GIAs were run in a 96-well-plate format, with each IgG being tested in duplicate wells. Parasite growth inhibition is represented as the combined mean of duplicate wells from a single assay or as percent inhibition relative to another parasite line.
To calculate parasite inhibition of the heterologous parasite line (W2mef) as a percentage of that of the homologous parasite line (3D7 or FVO), we used an IgG concentration that could induce between 40 and 90% inhibition of the homologous parasite lines. This was done to avoid the loss of linearity and greater error associated with levels of inhibition outside this range. We also set a threshold of 20% for meaningful parasite inhibition of the heterologous parasite line. Failure of an IgG preparation to reach the minimum levels of inhibition at any of the concentrations tested led to exclusion from the analysis.
RESULTS
Analysis of phage-displayed AMA1 mutants. This study aimed to decrease the immunogenicity of loop Id by replacing five surfaceexposed polymorphic residues (at positions 196, 197, 200, 201 , and 204) with either alanine, glycine, or serine (Fig. 1) . To avoid lengthy protein synthesis and purification of mutants with impaired folding ability, wt and mutant forms of 3D7 and FVO AMA1 were first expressed on the surface of phage. Protein expression at the phage surface was standardized by equalizing MAb binding to a C-terminal Myc tag ( Fig. 2A) . Binding to MAb 5G8, which recognizes a linear epitope in the prodomain of AMA1 (33) , indicated that some N-terminal degradation of two AMA1 phage preparations was present: 3D7 wt and FVO containing serine substitutions (FVO Ser) (Fig. 2B) . However, this degradation had a minimal impact on the conserved, conformational epitope recognized by the inhibitory MAb 4G2 (Fig. 2C) (34, 38) . In contrast, both the 3D7 Gly and FVO Gly mutants showed reduced reactivity with MAb 4G2 compared with the wt, indicating that the introduction of glycine at these 5 positions hindered folding ability. For this reason, the glycine mutants were not produced as purified recombinant proteins.
Synthesis and characterization of recombinant AMA1. Six recombinant forms of AMA1 (residues 25 to 546; N-terminal 6ϫHis tag) were produced by using our established procedure for synthesis, refolding, and purification of AMA1: 3D7, 3D7 Ala, 3D7 Ser, FVO, FVO Ala, and FVO Ser. The final products were highly pure, as indicated by silver staining after SDS-PAGE (Fig.  3A) . Western blotting showed that MAb 5G8, which reacts with a linear determinant in AMA1, showed strong reactivity with both the reduced and nonreduced antigens (Fig. 3B) . All six proteins reacted with MAb 4G2 only under nonreducing conditions, consistent with the conformational nature of the 4G2 epitope (34) (Fig. 3C) .
The five polymorphic residues selected for mutagenesis make a large contribution to the epitope recognized by the strain-specific, inhibitory MAb 1F9, and this epitope is a target of naturally acquired human antibodies (17, 18) . Consistent with this, 1F9 bound well to wt 3D7 AMA1 but did not bind to the 3D7 mutants or any of the FVO variants produced (see Fig. S1A in the supplemental material). In contrast, the reactivity of all proteins with MAb 4G2 was almost identical, indicating that the conserved, conformation-dependent epitope recognized by this MAb was not significantly affected by mutagenesis of loop Id (see Fig. S1B in the supplemental material).
To assess folding on a more global level, each protein was also tested for binding to conformation-sensitive polyclonal sera raised against 3D7 AMA1 (see Fig. S1C in the supplemental material) or FVO AMA1 (see Fig. S1D in the supplemental material). Reactivity of the 3D7 mutants with the homologous polyclonal sera was slightly decreased compared with that of the wt antigen; however, this can most likely be attributed to disruption of epitopes incorporating the mutated residues rather than aberrant folding. As expected, each conformation-specific serum showed reduced reactivity with both wt and mutant forms of the heterologous antigen.
Generation of anti-AMA1 sera. Since antibody reactivity data indicated that the AMA1 mutants were correctly folded, all six forms of recombinant AMA1 were used to immunize rabbits. Blood was collected 2 weeks after the first boost (bleed 1), 2 weeks after the second boost (bleed 2), and 10 weeks after the second boost (kill-bleed; day 140). The relative titer of each bleed on the corresponding wt antigen was determined by ELISA (see Fig. S2 in the supplemental material). In most cases, the titers of anti-AMA1 antibodies were similar in bleeds 1 and 2, whereas, surprisingly, lower antibody titers were seen in the kill-bleeds. All further analyses were carried out using bleed 2. There was no clear overall reduction in the response generated against the wt antigen when rabbits were immunized with 3D7 Ala, FVO Ala, or FVO Ser compared with the antibody response induced by the wt antigen itself. However, in 2/3 rabbits immunized with 3D7 Ser, a reduced response to 3D7 wt was observed. Immunization of more rabbits would be required to determine if this difference is statistically significant.
Analysis of the antibody response to loop Id. To analyze the overall antibody response to loop Id in rabbits immunized with wt AMA1, competition ELISAs were used. In these assays, we tested the ability of wt and mutant recombinant AMA1 proteins to inhibit the binding of antibodies to immobilized wt AMA1. Since the mutant proteins contain five substitutions within loop Id, subsequent loss of competitor efficacy indicates decreased binding of antibodies that target this region and is reflective of the loop Id antibody response. The competition ELISAs revealed that the corresponding AMA1 mutants were less potent when inhibiting serum raised against 3D7 wt compared with FVO wt, suggesting that loop Id is more dominant when 3D7 wt is the immunogen (Fig.  4A) . To enable quantitative comparison of the antibody responses to this region, the predicted minimal values (residual binding displayed as a percentage of the maximal signal) for each competitor antigen were plotted for all rabbits immunized with AMA wt (Fig.  4B ). Higher residual binding (i.e., less competition) for a given competitor suggests that it is reactive with a smaller subset of anti-AMA1 antibodies. The response to loop Id was consistently higher in all three rabbits immunized with 3D7 AMA1, as evidenced by high residual binding of 3D7 Ala and Ser (Fig. 4B , immunogen: 3D7) compared with results from the same experiment in the FVO backbone (Fig. 4B, immunogen: FVO) .
Generation of a mutant-specific antibody response. To determine if immunization of rabbits with mutated AMA1 generated mutant-specific antibodies, we evaluated the ability of wt and mutant forms of AMA1 to block each serum from binding to its immunogen and plotted the residual binding (see Fig. S3 in the supplemental material). Higher residual binding of AMA1 wt reflects the presence of a greater proportion of antibodies specific for the mutant form. Although a mutant-specific antibody response was usually present, in most rabbits, this was lower than the response induced by the wt antigens to wt loop Id. Interestingly, the mutant-specific antibody response appeared to be largely independent of the amino acid substitution, suggesting that there may be a structural feature common to the mutants that is absent in the wt antigen.
Analysis of the antibody response to cross-reactive epitopes. To establish whether limiting the induction of antibodies to loop Id would increase the proportion of antibodies to more crossreactive epitopes, competition assays using five different allelic forms of recombinant AMA1 (3D7, FVO, W2mef, HB3, and 7G8) as the competitor antigen were used. Residual binding was then plotted for all rabbits (Fig. 5) . In rabbits immunized with 3D7 wt, heterologous forms of AMA1 were poor inhibitors of antibody binding to the immobilized antigen, as evidenced by high residual binding (Fig. 5A) . This indicates that anti-3D7 wt sera are highly strain specific. Following immunization with 3D7 Ala and 3D7 Ser mutants, a trend toward decreased residual binding values for heterologous antigens was observed, indicating some broadening of antibody reactivity. Although the difference was not dramatic, this illustrates that the replacement of just five residues in 3D7 AMA1 can alter the specificity of the antibody response, leading to more cross-reactive antibodies. Compared with 3D7 wt, anti-FVO wt sera were more cross-reactive with the allelic forms tested, as shown by the lower residual binding of heterologous antigens when competing with these sera (Fig. 5B) . Immunization with mutant forms of FVO AMA1 did not further improve cross-strain recognition.
Inhibition of parasite growth: individual antigen immunizations. To determine if increased cross-reactivity corresponded to more effective inhibition of a heterologous parasite line, we tested the ability of purified IgG from each rabbit to inhibit growth of 3D7 and FVO parasites ( Fig. 6 ; see also Table S1 in the supplemental material). Although the overall inhibition levels were higher for the anti-wt antibodies than for the antimutant antibodies, we observed a trend toward improved relative inhibition of the heterologous parasite line when a mutant form of 3D7 (but not FVO) AMA1 was the immunogen. However, group sizes were insufficient for statistical analysis, and low overall inhibition (Ͻ40% inhibition of the homologous parasite line and Ͻ20% inhibition of the heterologous parasite line) necessitated the exclusion of one rabbit from the 3D7 Ala group and two rabbits from the 3D7 Ser group. To address this, and to determine the best possible combination of wt and mutant antigens for generating a cross-reactive antibody response, an expanded study incorporating larger group sizes, a modified immunization regime, and concurrent immunization with two antigens was carried out.
Immunization with combinations of 3D7 and FVO AMA1. Groups of six rabbits were immunized with one of five different antigen combinations. Since the individual antigen immunizations showed that, in contrast to 3D7, mutagenesis of FVO did not achieve the desired outcome, mutated forms of 3D7 AMA1 were combined with wt FVO (3D7 Ala/FVO and 3D7 Ser/FVO immunization groups). However, it was also possible that a synergistic effect could be achieved by combining two engineered forms of AMA1. Therefore, we also assessed formulations that included mutant versions of both 3D7 and FVO AMA1 (3D7 Ala/FVO Ala and 3D7 Ser/FVO Ser immunization groups). The final group included both wt antigens for comparison (3D7/FVO immunization group). One rabbit from each of the 3D7 Ala/FVO and 3D7 Ala/FVO Ala groups was excluded due to illness or injury. Rabbits were immunized with a total of 100 g of combined antigen per dose. Sera were collected at the same intervals outlined as described above for the rabbit study, except that the kill-bleed sample was taken on day 98. There was a trend toward a decreased overall response to AMA1 when a mutant was included in the formulation (data not shown).
The residual levels of antibody binding measured in competition ELISAs were used to compare responses to cross-reactive epitopes when rabbits were immunized with different combinations of antigens. Relative to a single allelic form, immunization with combinations of wt AMA1 resulted in dramatically improved cross-strain recognition (Fig. 7) . However, it was of particular interest to determine if cross-reactivity could be increased further by immunization with combinations that included one or more AMA1 mutants. When assessing the antibody response to 3D7, decreased residual binding values when heterologous competitor antigens were tested indicated an increased response to cross-reactive epitopes when the immunogen included one or more loop Id mutant (Fig. 8A) . This was most striking for the 3D7 Ser/FVO group, which exhibited significantly greater cross-reactivity (compared with the wt combination group) with all allelic forms tested (FVO, W2mef, HB3, and 7G8) (P Ͻ 0.01). The additional inclusion of an FVO mutant did not further improve cross-reactivity (P Ͼ 0.05). When examining the anti-FVO antibody response (Fig. 8B) , a significant improvement in cross-reactivity was observed on only one occasion (3D7 Ser/FVO Ser immunization group with HB3 competitor antigen). However, the inclusion of a 3D7 mutant in some cases significantly decreased the cross-reactivity of the FVO response (3D7 Ala/FVO immunization group with 3D7 and W2mef competitor antigens and 3D7 Ser/FVO immunization group with 3D7 competitor antigen). These data suggest that the inclusion of a mutant form of 3D7 AMA1, in particular 3D7 Ser, in a combined formulation is sufficient to elicit a more cross-reactive response to 3D7 AMA1. However, the additional inclusion of FVO AMA1 mutated at loop Id did not consistently shift the antibody response to more cross-reactive epitopes.
Inhibition of parasite growth: combined antigen immunizations. To determine whether inclusion of a mutant form of AMA1 in a dual-antigen formulation would increase the induction of cross-reactive inhibitory antibodies, purified IgGs from individual rabbits were tested for their ability to inhibit growth of the 3D7, FVO, and W2mef parasite lines. We were unable to generate reliable data from further parasite lines due to insufficient amounts of IgG. When growth inhibition of W2mef parasites was assessed relative to inhibition of the 3D7 parasite line, a significant increase (P Ͻ 0.01) in cross-strain inhibition in the 3D7 Ser/FVO group relative to the wt group was consistently observed ( Fig. 9A ; see also Table S2 in the supplemental material). This indicates that the increased proportion of cross-reactive antibodies observed by ELISA corresponds, at least partly, to cross-reactive inhibitory antibodies. In contrast, immunization with loop Id mutants did not result in enhanced inhibition of the W2mef parasite line relative to FVO (Fig. 9B) , consistent with the ELISA data. Since this study was primarily concerned with assessing the vaccine potential of each antigen combination, we did not test whether combining antibodies elicited by individual antigens would enable the same level of cross-inhibition to be reached as that achieved when the vaccine formulation incorporated two antigens. It was evident that the overall inhibition of 3D7 parasites was impaired when 3D7 Ala or Ser was included in the immunogen (see Fig. S4A in the supplemental material) . Similarly, inclusion of FVO Ala or Ser resulted in decreased overall inhibition of FVO parasite growth (see Fig. S4B in the supplemental material) . This suggests that the overall inhibitory response is reduced when a mutant is included in the formulation, and this is consistent with the observed reduction in anti-AMA1 titers.
DISCUSSION
This study aimed to increase the proportion of broadly neutralizing anti-AMA1 antibodies by dampening the response to the highly variable loop Id. It was found that immunization with mutated forms of 3D7 AMA1, either individually or combined with FVO, induced a more cross-reactive repertoire of 3D7 AMA1-specific antibodies than did the corresponding wt antigen. We also showed that antibodies raised against the 3D7 Ser/FVO wt combination of AMA1 were significantly more effective at inhibiting the relative growth of a heterologous parasite line (P Ͻ 0.01). However, the wt antigens were more immunogenic and inhibitory against the homologous parasite line. Consequently, induction of a more broadly cross-reactive antibody response with mutated 3D7 AMA1 may come at the cost of a lower level of response against parasites bearing the 3D7 AMA1 loop Id haplotype; however, it should be noted that AMA1 alleles of this type have represented a minority of parasites in many populations studied (8, 39) .
Mutation of highly polymorphic residues to decrease their immunogenicity (immunodampening) is one strategy for overcoming the extreme polymorphism of some vaccine candidates. In a previous report using FVO, seven polymorphic residues identified as being important for escape of strain-specific inhibitory antibodies (residues 187, 190, 196, 197, 200, 204 , and 206) were mutated to alanine, with limited success in circumventing diversity. We took a more conservative approach to mutagenesis, targeting five surface-exposed, polymorphic residues within loop Id (residues 196, 197, 200, 201, and 204) of both FVO and 3D7 AMA1. Loop Id forms a two-turn ␣-helix in the Plasmodium falciparum AMA1 structures solved to date (14, 17, 40) . However, this helix may not be present in all isolates, since some allelic forms of AMA1 (including FVO) contain the residue combination Gly197/ Asp200, which is predicted to be helix destabilizing (41) . Differences in secondary structure may enhance the ability of this region to escape strain-specific inhibitory antibodies. We therefore replaced each target residue with alanine, serine, or glycine. Each of these mutations is likely to exhibit low immunogenicity, but replacement with glycine or serine may preclude helix formation in loop Id.
Mutated forms of AMA1 were first displayed on the surface of phage to enable rapid exclusion of variants with unfavorable folding characteristics. Alanine and serine substitutions were well tolerated, but replacement with glycine resulted in impaired folding, perhaps reflecting its greater propensity to be buried in folded proteins, and no further work was done with this variant. Antibody reactivity of recombinant proteins confirmed that alanine or serine substitution minimized disruption to the native fold, and these antigens were used in immunization studies.
Since a combined 3D7/FVO formulation has progressed to phase II clinical trials (30), we sought to determine whether including mutant forms of 3D7 or FVO AMA1 in a combined vaccine would confer an advantage over combining wt antigens. Of , an IgG concentration resulting in 40 to 90% inhibition of the homologous parasite line and Ͼ20% inhibition of the heterologous parasite line was used. Two rabbits in the 3D7 Ser group and one rabbit in the 3D7 Ala group were excluded from this analysis due to low overall inhibition levels (Ͻ40%). In all cases, the averages of data from duplicate wells from a single representative experiment are reported for each rabbit. The means Ϯ standard errors of the means of data for each immunization group are shown where appropriate. the combinations tested, 3D7 Ser/FVO wt AMA1 induced the most cross-reactive antibody response (P Ͻ 0.01) (Fig. 8A ) and showed significantly higher relative growth inhibition of the W2mef parasite line (P Ͻ 0.01) (Fig. 9A) . This is consistent with data from the single-antigen immunizations, where 3D7 Ser offered the most promise for inducing a cross-reactive antibody response (discussed below). A recent clinical trial using a 3D7 single-allele formulation confirmed the importance of C1-L and indicated that residue 197 (mutated in this study) is the most important determinant of allele-specific protection (8, 19) . We have shown here that mutagenesis of polymorphic residues within 3D7 C1-L can induce a broader inhibitory antibody response when included in a combination vaccine. Given the demonstrated importance of this region in clinical protection, inclusion of a mutant form of 3D7 may reduce the number of alleles required to achieve broad efficacy in a multiallele vaccine.
There was a trend toward a decreased AMA1 titer (data not shown) and reduced overall parasite inhibition (see Fig. S4 in the supplemental material) following inclusion of a mutant antigen in a biallelic formulation. While optimization of the immunization regime may overcome this to some extent, it does raise the possibility that relative improvements in cross-reactive epitope recognition may simply reflect a reduced response to loop Id, without any change in the repertoire of cross-reactive antibodies. However, when the response to different target antigens was measured following immunization with AMA1 mutants, different effects were observed. For example, the same antigen combination induced an anti-3D7 antibody response that was more cross-reactive with FVO and an anti-FVO response that was less cross-reactive with 3D7 than the antibody response generated against the combined wt antigens (Fig. 8) . This suggests that the fine specificity of the cross-reactive antibody component is altered; however, further analyses will be required to address this issue in more detail.
Consistent with the combined antigens, single-allele immunizations with mutated 3D7 AMA1 broadened the overall antibody response, and there was some evidence of improved inhibitory activity against the FVO parasite line (Fig. 5A and 6C) . However, when wt FVO was the immunogen, the response was more crossreactive than the 3D7 response, and immunization with mutant forms of FVO did not further enhance this response ( Fig. 5B and  6D ). Since we found that a smaller proportion of antibodies target FVO loop Id than 3D7 loop Id (Fig. 4) , this result is not unexpected. Furthermore, this is consistent with a previous report where substitution of seven C1 residues in FVO was found to increase cross-reactivity only when analysis was carried out at the domain level, and broader parasite-inhibitory activity was not observed (32) . Although the strategy employed here with the FVO allele did not offer any advantages over wt FVO, it is possible that different subsets of polymorphic residues are more important in dictating the strain specificity for this allelic form. Indeed, analysis of escape determinants in invasion inhibition assays indicated that the relative importance of polymorphic clusters varies depending on the immunogen/parasite combination (21, 27) . Previous studies found that polymorphisms within the loop Id region correlated with the cross-inhibitory activity of anti-3D7 antibodies against parasites with different AMA1 alleles (21) , and naturally acquired human antibodies to this region of 3D7 correlated with growthinhibitory activity (18) , again suggesting the importance of this region of 3D7 as an antibody target and highlighting the importance of polymorphisms in this region for antibody escape.
A mutant-specific antibody response that was largely indepen- dent of substitution was generated by immunization with 3D7 Ala, 3D7 Ser, and FVO Ala (see Fig. S3 in the supplemental material). Although antibody reactivity suggested that mutant proteins were correctly folded, mutagenesis appeared to generate a surface feature common to the mutants that was not present in the wt antigen. Subtle localized changes in structure can be difficult to identify but have a significant effect on the fine specificity of antibodies induced by the antigen. The recently reported structure of AMA1 in complex with a peptide corresponding to its native ligand, RON2, revealed that AMA1 undergoes a conformational change upon ligand binding (42) , suggesting that this region of AMA1 is amenable to structural rearrangement. The possibility that structural differences are making some contribution to the perceived dominance of loop Id cannot be ruled out. In rabbits immunized with FVO Ser, there was a minimal mutant-specific antibody response, perhaps reflecting a molecular surface that more closely resembles that of the native antigen. Along with structural analysis of the antigens, investigating changes in the proportion of reduction-sensitive antibodies raised against the mutant forms of AMA1 may shed light on this area. The number of AMA1 alleles found among parasites circulating in areas where malaria is endemic is enormous, but the diversity of epitopes targeted by inhibitory antibodies is less than expected from the sequence diversity (21) . Recent studies suggest that a combination of four or five different alleles may be sufficient to overcome this diversity in AMA1 (21, 23, 27) and that allelic variation may not be an insurmountable hurdle to the development of an AMA1-based vaccine. Here, we have shown that mutagenesis of five residues within 3D7 AMA1 is sufficient to induce a more cross-reactive antibody response. Furthermore, inclusion of an engineered form of AMA1 in a biallelic formulation facilitates broader reactivity and inhibitory activity, implying that this approach may reduce the number of antigens required to achieve broad protection in the field and providing an important proof of concept. Affordability constraints dictate that it will be advantageous to minimize the number of allelic forms included in a vaccine, and whether one or more of these forms should be mutagenized to dampen the antibody response to dominant strainspecific epitopes should therefore be examined further.
